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has spawned genome-wide searches by computational
biology (Frank Slack, New Haven; David Bartel, Cam-
bridge) and mutation analyses (Allison Abbott, Dart-
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mouth) for additional temporally regulated miRNAs, andKansas City, Missouri 64110
currently there is in excess of 100 miRNAs identified in
the worm genome. The let-7 family in particular has
grown to include mir-48, mir-84, and mir-241. Unsurpris-
ingly, functional redundancy is an important characteris-The 2004 Santa Cruz Developmental Biology Meeting
tic of miRNAs. Single mir-48, mir-84, and mir-241 mutanttook place August 5th–8th and covered a diverse range
worms display no observable phenotype. In contrast,of current topics in developmental biology. This report
however, mir-48/mir-241 double mutants exhibit extradiscusses some of the highlights.
seam cells during the third and fourth larval stages,
which is indicative of a retarded heterochronic pheno-
type (Allison Abbott, Dartmouth). Similar synergistic in-The Santa Cruz Developmental Biology Meetings are
teractions were observed between lin-4 and the let-7renowned for their diversity and for being highly inter-
family members that functionally cooperate to regulateactive. Their small size promotes extensive discussion
the L2-L3 transition of larval development.and, in addition to attracting leading scientists, provides
miRNAs are also a prominent feature of embryonic,an excellent forum for both postdoctoral and student
vegetative, and floral stages of plant development. Leafpresentations. This year’s meeting, which was orga-
polarity requires the generation and perception of posi-nized by Andrew Chisholm (Santa Cruz), Betsy Goodwin
tional information along the radial axis since the adaxial(Madison), and Lee Niswander (Denver), proved no ex-
(inner) and abaxial (outer) positions within the leaf pri-ception. The highlights, of which there were many, in-
mordium become the upper and lower regions of thecluded the continuing identification of noncoding RNAs
mature leaf, respectively. The first indication of the bio-and their diverse functional roles during development,
logical consequences of disrupting miRNA-mediatednew players in the oscillating clock that underlies verte-
regulation in plants came with the discovery that domi-brate segmentation, diverse mechanisms for generating
nant mutations in two related transcription factor genes,asymmetry and patterning stem cell development, and
PHABULOSA (PHB) and PHAVOLUTA (PHA), map to anew real-time insights into the dynamics of cell migra-
mir-165/166 complementary site and impair the cleav-tion and tissue movements.
age of these mRNAs (Mallory et al., 2004). Dominant
phb-d mutations cause abaxial to adaxial transformationNoncoding RNAs
of leaf fates, highlighting the roles of Phabulosa miRNAThere is nothing small about the importance of micro
in anterior-posterior patterning (David Bartel, Cambridge).RNAs (miRNAs) during embryonic development. miRNAs
Importantly, the roles for miRNA in anterior-posterior pat-are endogenous 22-nucleotide (nt) RNAs that are thought
terning appear to be conserved in vertebrates. Numerousto play important regulatory roles in the posttranscrip-
miRNAs have been identified in the vertebrate Hox genetional repression of protein-coding genes. miRNAs elicit
clusters, most notably in Hoxb8 (mir-196). Intriguingly,their effects by binding to complementary sequences
these miRNAs may provide a mechanism for mediatingin the 3 untranslated regions of their target mRNAs and
the posttranscriptional restriction of Hox gene expres-either guide mRNA cleavage or repress translation of
sion during vertebrate development (Yekta et al., 2004).
their target mRNAs. When cleavage of the message oc-
Further roles for miRNA were discussed in relation to
curs, it takes place near the center of the miRNA comple-
the ruffled leaf phenotype in Arabadopsis thaliana that
mentary site, predominantly between the nucleotides arise through mutations in the JAW locus. The JAW
pairing to residues 10 and 11 of the miRNA, as is seen locus encodes mir-319, and micorarray global expres-
for cleavage directed by small interfering RNAs (siRNAs). sion comparisons of wild-type and ruffled leaves (Detlef
The extent of complementarity between the 22-nt RNAs Weigel, Tuebingen) led to the identification of at least
and their target mRNAs, particularly within the central five members of the TCP transcription factor family that
region of the complementarity, appears to determine are targets of mir-319 cleavage (Palatnik et al., 2003).
whether miRNAs or siRNAs will direct RNA cleavage or These genes encode DNA binding domains and a short
translational repression (Figure 1). conserved sequence similar to miRNA. TCP null muta-
The first miRNAs to be discovered were lin-4 and tions display a phenotype similar the overexpression of
let-7, which are required for proper early and late larval Jaw, and interestingly, a suppressor of the Jaw pheno-
development in Caenorhabditis elegans (Lee et al., 1993; type maps to a TCP4 miRNA complementary region,
Reinhart et al., 2000; Wightman et al., 1993). lin-4 and indicating that miRNA Jaw targets site-dependent
let-7 act as timing switches governing the larval L1-L2 cleavage of TCP4.
and the L4-adult developmental transitions, respec- miRNAs, however, are not the only noncoding RNAs
tively. The demonstration that the spatiotemporal ex- that play critical functional roles during development.
pression of miRNA can regulate developmental processes Betsy Goodwin (Madison) described the importance of
a novel class of noncoding RNAs (ncRNA) in C. elegans
sex determination. Tra-2, which is a member of the GLI*Correspondence: pat@stowers-institute.org
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The idea that noncoding RNA could be well adapted
for regulatory roles is not new. In fact, Francios Jacob
and Jaques Monod (Jacob and Monod, 1961) reasoned
that base complementarity could allow RNA to act very
specifically with other nucleic acids and proposed that
whereas structural genes produced proteins, regulatory
genes encoded noncoding RNAs. Nearly half a century
later, Jacob and Monod’s hypothesis is becoming more
relevant than ever (Eddy, 2001).
Vertebrate Segmentation
Noncoding RNAs and miRNAs, in particular, appear to
be important for clearing RNA extremely quickly during
differentiation. Such a mechanism could prove critical
in the establishment, maintenance, and regulation of
morphogen gradients during embryonic development.
To date, there has been no evidence to support a role
for miRNA during somitogenesis, the process that es-
tablishes the reiterated pattern of vertebrae and muscu-Figure 1. Noncoding RNA Regulation of Development
lature along the vertebrate body axis. In contrast, it isNoncoding RNAs in the form of micro RNAs (miRNA) and small
the progressive decay of Fgf8 mRNA that generates aninterfering RNAs (siRNA) are processed from pre-miRNA and dou-
FGF signaling gradient within the paraxial mesodermble-strand (ds) RNA, respectively, by the Dicer enzyme. siRNA func-
tions by cleaving mRNA; however, in contrast miRNA can perform (Dubrulle and Pourquie, 2004). This signaling gradient
either mRNA cleavage or translational regulation functions, de- positions the wave front and provides a mechanism
pending on the extent of its complementarity to the target mRNA. for coupling the elongation of the embryo to somite
These and other novel classes of noncoding RNAs regulate many
segmentation, which is regulated by oscillating Wnt anddiverse aspects of development including anterior-posterior pat-
Notch signaling.terning in plants and animals, X-inactivation and imprinting in mam-
Zebrafish ENU mutant screens continue to unveil newmals, and larval morphogenesis in worms.
players in the segmentation process. One such mutant
called Tortuga exhibits disrupted expression of cyclicfamily of transcription factors, is required for female
Notch pathway genes (Kariena Dill, Berkeley). Tortugacell fate and is usually downregulated in hermaphrodite
affects the downregulation of her1, her7, deltaC, andspermatogenesis. This downregulation requires the re-
deltaD and has been mapped as a missense mutationpression of tra-2 mRNA by two elements located in the
in an RNA binding protein Fox1. Fox1, therefore, may3 untranslated region. A two-hybrid screen identified
regulate the splicing or stability of her1 in the autoregula-potential candidates that control tra-2 mRNA activity
tory feedback inhibition loop that sustains the oscillatingand sexual cell fate through the tra-2 3 UTR. Interest-
clock, further highlighting the importance of RNA pro-ingly, this novel class of noncoding RNAs that appear
cessing during development.to be conserved in higher vertebrates such as mouse
In further developments, the expression of a novelperforms both a processing as well as a transcriptional
cyclic gene has now been observed to oscillate; how-regulation role (Figure 1).
ever, it is out of synchrony with Wnt and Notch signalingNoncoding RNAs have also been used to visualize
and therefore represents a third oscillating pattern inlong-range enhancer-promoter interactions in the Dro-
the segmentation clock (Olivier Pourquie, Kansas City).sophila embryo, providing evidence in support for trans-
This gene is a downstream target of FGF signaling invection as an activation mechanism (Mike Levine,
the presomitic mesoderm and could provide the keyBerkeley). The Abdominal-B (Abd-B) locus of the Bitho-
link that coordinates the signaling wave front with therax complex is essential for patterning the posterior ab-
changes in cell adhesion that drive the periodic conden-dominal segments (segments 5–8). The 3 IAB5 and IAB8
sation of the presomitic mesoderm into each individualenhancers are located 40 kb and 10 kb from the Abd-B
somite. Taking advantage of the synchronicity of thepromoter, respectively, and these transcribed noncod-
cells in the presomitic mesoderm, a follow-up microar-ing RNAs remain attached to their site of synthesis.
ray screen aimed at identifying other genes that playFluorescent in situ hybridization probes for IAB5 re-
critical roles during somitogenesis has uncovered nu-vealed evidence for long-range looping interactions in
merous candidates and also signaling pathways thattrans as well as in cis, a process known as transvection.
display a distinct periodicity, the significance of whichThese enhancer-protein interactions may augment chro-
will extend well beyond the somitogenesis field.mosome pairing in somatic tissues.
Noncoding RNAs also play important roles in verte-
Cell Migrationbrates and have acquired unique functions in mammals
Time-lapse imaging continues to unveil the dynamicsas an important component of X-inactivation and im-
of cell migration and tissue movements with some sur-printing mechanisms. Noncoding RNAs can regulate dif-
prising twists. During Xenopus gastrulation, the extra-ferential sister chromatid resolution (DSCR), which is an
cellular matrix is critical to the cell intercalation move-epigenetic mark that reflects allele nonequivalence and
ments that underlie convergent extension. Fibronectinprecedes the selection of active versus nonactive alleles
during X-inactivation (Barbara Panning, San Francisco). and its cell surface receptor 51 integrin, which play
Meeting Review
483
essential roles in this cell motility, are disrupted in muta- deficiency in the numbers of neural crest cells, which
tions affecting planar cell polarity pathway genes such results in the mandibular hypoplasia associated with
as Strabismus and Prickle (Lance Davidson, Virginia). first arch syndromes.
Time-lapse imaging demonstrated that planar cell polar- In contrast, defective cell migration in Drosophila mu-
ity genes signaling through 51 integrin modulate cell tants underlies the abnormal positioning of the salivary
motility in two distinct ways: first, by regulating fibronec- gland (Deborah Andrew, Baltimore). The salivary gland
tin matrix assembly in the dorsal mesoderm; and sec- contacts the visceral mesoderm, the fat body, the so-
ond, by mediating the protrusive behavior and intercala- matic muscles, and the gastric caeca, and mutations in
tion of polarized cells. genes expressed in these tissues indicate that each
Integrin signaling is not only important for vertebrate tissue contributes to normal gland positioning. The vis-
convergent extension but is also critical for normal wing ceral mesoderm serves dual roles, functioning as both
development in Drosophila. In a screen for genes re- a physical barrier and as a substrate for migration, and
quired in integrin-mediated cell adhesion, mutants such integrin function both in the salivary gland and in the
as tensin were identified due to the presence of wing visceral mesoderm is an absolute requirement for nor-
blisters, which is a phenotype characteristic of a loss mal posterior migration (Bradley et al., 2003). Recent
of integrin adhesion (Torgler et al., 2004). The localiza- findings suggest that a G protein-coupled receptor sig-
tion of tensin requires integrins, talin, and integrin-linked naling pathway provides directional cues for posterior
kinase. Surprising evidence was also presented for in- salivary gland migration. Interestingly, despite defects
tegrin-extracellular matrix interactions that effectively in gland motility and directional migration, mutations
mediate cell-cell adhesion between the lateral surfaces such as heartless and integrin-signaling pathway muta-
of the amnioserosa cell and the leading edge epidermis tions do not affect the length or diameter of the salivary
during dorsal closure (Nick Brown, Cambridge). gland tube, implying that the dimensions of the salivary
Confocal imaging of transgenic Drosophila embryos tube may be an intrinsic property of salivary gland cells.
expressing actin-GFP profoundly revealed that the key Proper cell migration is crucial during C. elegans de-
actin machineries, such as filopodia that drive dorsal velopment for neuroblast movement and epidermal en-
closure, bear a striking similarity to the re-epithelializa- closure. The epidermis develops from a sheet of cells
tion of vertebrate skin wounds (Paul Martin, Bristol). lying on the dorsal part of the embryo, which expands
Mutant forms of the Rho family of small GTPases block laterally and ventrally, closing up at the midline. The
filopodia assembly, and this consequently prevents the neuronal substrate cells over which this sheet moves is
coalescing of epithelial sheets during dorsal closure and vital for enclosure. The Eph receptor VAB-1 and its
also during wound healing. Although it remains to be ephrin proteins are expressed in neuroblasts and neu-
determined, it will be intriguing to investigate potential rons, and null mutations in VAB-1 disrupt neuroblast
dynamic interactions between integrins and actin that movement and epidermal enclosure (Chin-Sang et al.,
mediate dorsal closure in Drosophila and the mechanis- 2002). A genetic screen for genes that interact in parallel
tic similarities shared with vertebrate epithelial morpho- with Eph identified KAL-1, mutants in which also lead
genetic events. to defects in neuroblast movement. Therefore, KAL-1
In ovo avian time-lapse imaging has similarly high- acts synergistically with Eph signaling during neuroblast
lighted that actin machineries in the form of short lamelli- movement and epidermal enclosure (Andrew Chisholm,
podia and long filopodia are used dynamically by neural Santa Cruz).
crest cells during their migration (Paul Kulesa, Kansas Proper cell migration is also a requirement for normal
City). Although the significance of the lamellipodia and murine mammary gland development. Roles for Netrin,
filopodia remain unclear, one can speculate that these Slit, and Robo family members have been well docu-
cytoskeletal extensions are required for neural crest mented in the directional migration of axons during ner-
cells to communicate with each other as well as the
vous system development; however, these genes also
environment through which they migrate en route to
play important roles in mammary morphogenesis (Lind-
their targets. It will be interesting to determine whether
say Hinck, Santa Cruz). Mammary development requiresneural crest cells can reach their correct destinations
the epithelium to invade the fat pad from which ductalwithout filopodia and lamellipodia and the effect that
elongation and branching establishes the mammarythis may have on their ultimate differentiated cell fates,
tree. Netrin is expressed in the luminal epithelial cellssince appropriate neural crest cell migration is critical
and may act as a short-range signal for attracting neo-for proper craniofacial development.
genin expressing cap cells (Srinivasan et al., 2003). Slit2As a case in point, defects in the migration of neural
and Robo1 are also dynamically expressed in the mam-crest cells have been proposed as a possible mecha-
mary gland, and null mutations in either of these genesnism underlying craniofacial abnormalities such as first
generate phenotypes similar to the netrin1 and neo-arch syndromes, of which Treacher Collins Syndrome
genin1 knockouts. In each of these null mutant mice,is a severe example (Poswillo, 1975). Rather than being
cell adhesion is disturbed, suggesting that multiple cella defect in neural crest cell migration, new evidence
adhesion mechanisms involving netrin1/neogenin andfrom lineage tracing and cell transplantations in a mouse
Slit2/Robo1 are required to preserve or maintain glandmodel of Treacher Collins Syndrome suggests that neu-
structure during mammary morphogenesis.ral crest cells are viable and migrate appropriately to
their correct destinations (Paul Trainor, Kansas City).
Hox Genes in Organ and Limb DevelopmentElevated levels of neuroepithelial apoptosis, however,
In contrast to the mammary gland, abnormal spleenlead to the elimination of a significant proportion of the
neural crest cell precursors. This probably causes a morphogenesis observed in Pbx null mutant mice is
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likely to arise through defects in specification rather than al., 2004; Wagner et al., 2004). Mildly affected embryos
exhibit a small head and eyes, while in contrast, interme-maintenance. Pbx1 mutants exhibit a hypoplastic dorsal
mesogastrum due to a defect in mesenchymal prolifera- diate strength embryos lack both the head and noto-
chord. The most strongly affected embryos display notion, and this ultimately leads to agenesis of the spleen
(Licia Selleri, New York). Underlying the hypoplastic dorsally derived structures and are radially ventralized.
In brb mutants, the expression of dorsally located nu-mesogastrum is a significant reduction in the normally
high levels of Hox11, suggesting a potential role for clear B-catenin and squint are dramatically reduced,
highlighting brb as an important new player that func-Pbx11/Hox11 in spleen mesenchymal cell proliferation.
Given the known roles that Hox genes play in anterior- tions to establish the dorsal organizer (Mary Mullins,
Philadelphia).posterior specification, it will be interesting to determine
whether the spleen abnormalities reflect an anterior Shh is a key well-characterized mediator of dorsoven-
tral patterning in the vertebrate spinal cord. However,transformation of the dorsal mesogastrum.
In contrast to the emerging characterization of the not all spinal cord patterning occurs in a Shh-dependent
manner. The identification of hennin (hnn) is one exam-roles that Hox genes play in organogenesis, their impor-
tance in limb bud positioning and subsequent patterning ple of the benefits being reaped from ENU mutagenesis
screens of mouse development (Tamara Caspary, Newis already well described. Tbx3 is a potential down-
stream mediator of Hox gene signaling and was shown York). hnn/hnn mutants lack a floor plate and exhibit
elevated numbers of motor neurons, which is inconsis-to be capable of influencing the position of forelimb bud
outgrowth (Charalampos Rallis, London). Tbx3 could act tent with a Shh morphogen gradient model. Mapping
and sequencing has identified that hnn encodes a noveldownstream of an axial Hox code to determine the axial
position of the limb-forming field. Given the roles for ARL (ADP-Ribosylation Factor like protein) family mem-
ber that acts in a parallel pathway to Shh to regulateFGF signaling in regulating the oscillations underlying
segmentation (Dubrulle et al., 2001), in activating poste- dorsoventral spinal cord patterning.
Following the broad division of the spinal cord intorior Hox genes (Bel-Vialar et al., 2002), and in influencing
the position of limb bud outgrowth, it will be of immense dorsal and ventral domains, a combinatorial transcrip-
tion code is required to generate the large number ofinterest to determine whether FGFs regulate Tbx3 in
integrating these distinct processes distinct neuronal cell types that constitute part of the
central nervous system. Underpinning this process isAnalyses of other regulators of Hox genes continue
to shed light on limb patterning. PLZF is a zinc finger the need to couple cell fate differentiation with neuro-
genesis (Sam Pfaff, La Jolla). Synergistic interactionstranscription factor that regulates the spatiotemporal
colinearity of the HoxD complex. PLZF null mutants ex- between LIM homeodomain proteins (Isl1 and Lhx3) and
basic helix loop helix factors (NeuroM and Ngn2) werehibit many anterior-posterior patterning defects such
as duplicated femurs in place of the tibia and digits. shown to be key to this developmental coupling (Lee
and Pfaff, 2003).Interestingly, Gli3 null mutant mice exhibit similar ante-
rior-posterior limb patterning defects. Further analyses
have now revealed that genetic interactions between Stem Cells, Regeneration, and Asymmetries
PLZF and Gli3 are required for proximo-distal limb pat- Zebrafish primordial germ cells are specified by the ma-
terning (Maria Barna, New York). Characterization of the ternal inheritance of nanos, and in nanos mutants, pri-
double mutant phenotype was put forward as further mordial germ cells do not migrate to the gonad. This
support for the “Allocation and Progenitor Expansion has precluded previous analyses of the function of zy-
Model” (Dudley et al., 2002) for limb development over gotically transcribed nanos. The success of a relatively
the more classical “Progress Zone Model” (Wolpert, 2002). new technique knows as Tilling (target-induced local
lesions in genomes) was highlighted in ENU screens for
zygotic nanos mutants (Cecilia Moens, Seattle). In onePattern Formation
Classic patterning models were similarly challenged in such mutant, F1 embryos are viable and have normal
germ cell migration due to the presence of maternalnew analyses of the regulation of dorsoventral pat-
terning. In Xenopus, dorsoventral patterning is largely nanos. However, in the adults, nanos mutant females
lack oocytes. This mutant, therefore, now allows an in-attributed to Spemann’s organizer, which possibly con-
stitutes a source of dorsalizing activity that acts on un- vestigation of the relative roles of maternal and zygotic
nanos contributions in germ cells at different stagespatterned mesoderm. However, evidence was pre-
sented to the contrary in which mesoderm can be of development.
Similar parallels between primordial germ cells andpatterned into somites (dorsal) and blood (ventral) in
the absence of an organizer. Instead of BMP signaling germline stem cells were also described in Drosophila
(Lilach Gilboa, New York). During the larval/pupal transi-mediating dorsoventral patterning, animal cap assays
suggested that FGF signaling is the key to this process tion, a subset (50) of primordial germ cells (200) is
specified to become germline stem cells, the continuous(Bill Smith, Santa Barbara). Therefore, rather than play-
ing a role in dorsoventral patterning, the primary role for source of egg production throughout adulthood. Many
of the genes required for germline stem cell maintenanceSpemann’s organizer may lie in anterior-posterior pat-
terning (Kumano and Smith, 2002). in the adult such as Nos and Pum are required in the
larval ovary to prevent precocious differentiation of pri-Zebrafish screens for maternal effect genes control-
ling development have uncovered dorsoventral pat- mordial germ cells. Furthermore, similar to germline
stem cells, primordial germ cells require Dpp signalingterning mutants such as brom bones (brb), which display
a variably penetrant, ventralized phenotype (Dosch et to repress differentiation. Hence, the same mechanisms
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used to maintain germline stem cells are also used to Future Prospects
The field of developmental biology continues to forgeprevent primordial germ cell differentiation and allow
their proliferation, which suggests a functional equiva- ahead at a rapid pace. Certainly one of the biggest
themes of this year’s meeting was the increasing impor-lence between primordial germ cells and germline stem
cells. tance of micro and other noncoding RNAs during devel-
opmental morphogenesis and differentiation, and thisIn contrast to embryonic stem cells, adult stem cells
can often be triggered to proliferate in response to dam- can only be expected to continue with the number of
screens being performed aimed at identifying new play-age such as is the case in brain injury. How this cell
division is induced remains unknown; however, analyses ers. Similarly, mutagenesis screens, particularly in ze-
brafish and mice, continue to bear riches unveiling keyof Drosophila embryos are beginning to provide some
tantalizing clues (Andrea Brand, Cambridge). The ventral regulators of both anterior-posterior patterning of verte-
brate segmentation and dorsoventral spinal cord pat-midline cells are one source of neurons and glia that
contribute to the central nervous system. Typically, terning among other morphogenetic processes. Rapidly
improving imaging techniques are allowing us to delvethese midline precursors divide only once, and each cell
remains connected to its sibling. However, if one cell is deeper and deeper into the mechanics and dynamics
of cell migration, particularly when used in unison withablated, the sibling can undergo another division and
differentiate appropriately. Given the similarity of the the ever-increasing array of embryonic mutants that are
being generated. In summary, it is clear that the field ofDrosophila ventral midline to the vertebrate floor plate,
it may serve as a template for investigating cellular re- developmental biology is “cruzing,” and no doubt in the
intervening years before we reconvene again in Santageneration in vertebrate central nervous system.
All animals use asymmetric division at certain stages Cruz, there will be many more wonderful surprises.
to specify different fates during embryogenesis; how-
Selected Readingever, the degree of similarity between different systems
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